ABSTRACT: Suprafacial sigmatropic shift reactions of 5-substituted cyclopentadienes, 3-substituted cyclopropenes, and 7-substituted cycloheptatrienes have been studied computationally at the MP2/6-31+G* level for structures and energetics, and using the ipsocentric method at the CHF/6-31G** level to calculate current-density maps. The hydrogen shifts in cyclopentadienes have a diatropic ring currents indicating aromatic, cyclopentadienide anion character. This result stands in contrast to the fluorine shift in 5-fluorocyclopentadiene which requires much more energy, and has a paratropic ring current in the TS pointing to antiaromatic, cyclopentadienyl cation character. [1, 3] hydrogen shifts in cyclopropenes are very difficult, passing through transition states that have an extended C-C bond. For 3-fluorocyclopropene the [1,3] fluorine shift is much easier than the hydrogen shift. For 7-fluorocycloheptatriene the [1, 7] hydrogen shift is predicted, but requires very high energy and has a paratropic ring current and antiaromatic character. The [1, 7] suprafacial fluorine shift is relatively easy, having a TS with cycloheptatrienyl cation character. Patterns of currents, and the reversal for H and F migration, are rationalized by orbital analysis based on the ipsocentric method. Calculated charges and structural features for reactants and transition states support these conclusions.
INTRODUCTION
Sigmatropic rearrangements are well-studied processes. They have found utility in synthetic chemistry and display intriguing mechanistic pathways and constraints. They are discussed not only in advanced texts but also in first-year organic textbooks. 1 In this class of reactions, [1,n] hydrogen shifts have attracted attention from both experimental and computational chemists. Suprafacial migrations are allowed by WoodwardHoffmann orbital symmetry considerations 2 for conjugated pentadienes ( [1, 5] shifts), but not for propenes ( [1, 3] shifts), or for conjugated heptatrienes ( [1, 7] shifts), although the latter have an allowed antarafacial pathway theoretically available to them. Again, these and other pericyclic processes have been discussed in great detail in organic texts 3 , and the extensive secondary literature. 4 A particularly useful computational paper by Alabugin and coworkers deals with [1, 5] shifts, and contains extensive references to the primary literature. 5 One of several issues discussed there is the presence of aromatic character in the transition states (TSs) of [1, 5] hydrogen shifts, a factor increasing kinetic reactivity. The authors report a NICS (1) value of -9.6 for the 5-membered ring in the TS for the [1, 5] hydrogen shift in cyclopentadiene, which is taken to indicate that this TS has aromatic cyclopentadienide anion character, consistent with a lower activation barrier and a more facile shift compared with acyclic analogs. Attribution of a degree of aromatic character to the TS for this and similar reactions features (implicitly or explicitly) in much previous work. 6 In this paper we report calculations at the MP2/6-31+G* level of TS structures, activation enthalpies, and NPA (Natural Population Analysis) charge distributions for [1, 5] shift reactions of cyclopentadiene and 5-substituted cyclopentadienes, [1, 3] shifts of cyclopropene and 3-fluorocyclopropene, and [1, 7] shifts of cycloheptatriene, and 7-fluorocycloheptatriene. In order to explore the question of aromaticity, calculations of current-density maps were also carried out, for the transition states for these shift reactions, at the CHF/6-31G** level using the ipsocentric approach. The effects of ring size and the influence of highly electronegative fluorine substituents are emphasized throughout.
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RESULTS AND DISCUSSION (i) Structure and Energies
Cyclopentadienes: Among the simplest and fastest of [1, 5] suprafacial shifts are those of 5-substituted cyclopentadienes. The reaction of the parent compound, cyclopentadiene itself, has been well studied both experimentally and computationally. 5 The activation enthalpy for the [1, 5] hydrogen shift, an identity reaction, has been reported as 24 .3 kcal/mol. 8 Computations by a number of workers using different methods have given similar values. 5, 6b, 6d, 6e, 6k Using data from MP2/6-31+G* calculations, we obtain a somewhat higher activation enthalpy, ΔH à , of 25.8 kcal/mol, see e A calculation at the CCSD(T)/6-311+G**//MP2/6-31+G* level gives a barrier of 51.1 kcal/mol. We also considered the process in the triplet state and located a TS at the MP2 level. The barrier is very high: the difference in MP2 electronic energies is 95.9 kcal/mol (the TS was not located at the HF level and no frequencies were available to provide an enthalpy difference).
f The numbering system for the 1-fluoro-and 2-fluorocyclopentadiene H-shift transition states retains that of their respective substrates.
We have also varied the migratory group at C5, examining the migratory abilities of trimethylsilyl, methyl, 3-cyclopropenyl, fluorine, and dimethylboryl, all with hydrogen at C5, see Scheme 1. Additionally, we have calculated activation enthalpies for the [1, 5] hydrogen shift with ring substituents: 5-methyl, 5-allyl, 5-fluoro, 1-fluoro, 2-fluoro, and 1,2,3,4-tetrafluoro. We note here that our attempted calculation of the [1, 5] allyl shift in 5-allylcyclopentadiene gave not the [1, 5] shift, but the [3,3] suprafacial degenerate Cope rearrangement. Activation enthalpies for all these reactions are also found in Table 1 .
These results may be compared with the [1, 5] hydrogen shift in the acyclic molecule, 1,3-pentadiene, for which activation energies of the order of 36 kcal/mol have been reported experimentally 8 and computationally. 5, 6e, 7c, 7d Unusual spin coupling and resonance effects have also been identified with (Z)-1,3-pentadiene. 6g Additionally, the hydrogen shift rearrangement of (E)-2-methyl-1,3-pentadiene has a reported experimental E a value of 32.8 kcal/mol. 10 The greater reactivity of the cyclic substrate may be explained as a combination of the conformational rigidity of the five-membered ring which enforces proximity of the reaction termini, and the amplified, aromatic, cyclopentadienide anion character in the TS (described in section(ii) later).
From the results listed in Table 1 , several trends are apparent. The electropositive migratory groups, trimethylsilyl, and especially dimethylboryl, greatly reduce the activation barrier for the [1, 5] group shift. 11 In the boryl case this barrier is vanishingly small. Another trend is that hydrogen shifts are faster than alkyl shifts, and among the latter, 3-cyclopropenyl is faster than methyl transfer. There is significant charge separation in the TSs for these reactions: The silyl, boryl, hydrogen and alkyl moieties are all partially positive in the TSs for these rearrangements, significantly more than in the reactant states for the hydrogen and alkyl cases but not for the others. The rings are therefore partially negative, giving rise to enhanced cyclopentadienide anion character in the TSs (which is confirmed by the ring-current calculations to be described more fully in section (ii) below). See Table 2 for a list of pertinent calculated NPA charges.
The greater reactivity for the cyclopropenyl shift over the methyl shift is perhaps also explained by this result: the two groups have essentially the same NPA charge in the reactant state, but the cyclopropenyl group is more positive in the TS, indicating a measure of cyclopropenyl cation character in the migratory group. It is interesting that the examples with the lowest barriers, the silyl and boryl transfers, have the least charge difference on the migratory group between reactant and transition states; in fact the boryl group is less positive in the TS than in the reactant. The boron atom in the reactant is formally coordinatively unsaturated, and its bond to C5 is elongated (1.631 •).
Moreover, this bond leans closer to the reaction terminus than in the other reactants: the C1-B-C5 angle is only 45 o . The boron is symmetrically bound to both carbons in the TS, becoming four-coordinate with C-B bond distances of 1.776 • (see Table S3 of the supporting information for selected geometric features of reactant and transition states calculated in this study). Two entries occur where two migrating groups are possible, as in the fluoro compounds as identified in the footnotes. In the migratory groups column, a second value is that for hydrogen as the migrating entity, and therefore has the opposite sign from that in the ring column. These reactions have similar, and large, activation barriers, about 65 kcal/mol, as given in Table 1 . The size of the barrier for the 3-fluoro-to 1-fluorocyclopropene isomerization is in part due to the endothermicity of the reaction: ΔH ISOM = 13.5 kcal/mol.
As usual for hydrogen shifts the migrating hydrogen has a higher positive charge in the TS relative to the reactant, and the remainder of the molecule is consequently more negative. However, the most striking feature of the TSs for these three reactions is that the C1-C3 bond is very long, about 1.9 •, see Scheme 4. That is, the cyclopropene ring is partially opened and the TS does not resemble a conventional 1,3-sigmatropic shift. In fact, the TSs for these hydrogen shifts resemble intramolecular proton transfer transition states in which a proton is being transferred between the negatively-charged end groups of bent, three-carbon moieties having both carbanion and carbene character.
In stark contrast the ring is intact in the TS for the degenerate fluorine shift reaction in 3-fluorocyclopropene (the C1-C3 distance is normal at 1.37 •), and the activation enthalpy is reduced to 42.3 kcal/mol. The negativity of the fluorine is greatly enhanced in this TS, thus the ring is positive, suggesting some aromatic, cyclopropenyl cation character. However, calculations in this case were inconclusive, (see section (ii) later).
An additional stationary point was also found. rings. We were not able to find a TS structure for the orbital-symmetry disallowed, suprafacial [1, 7] hydrogen shift reaction of cycloheptatriene. Instead we found the allowed, degenerate, intramolecular [1, 5] Okajima and Imafuku 6d studied the degenerate [1, 7] chlorine shift in 1,7,7-trichlorocycloheptatriene and found a value of ΔE à of only 12 kcal/mol, substantially lower than the 16.5-kcal/mol barrier calculated for the [1, 5] chlorine shift in the same substrate. The rapid [1, 7] chlorine shift is in agreement with their observation that in the proton NMR spectrum of this substrate at room temperature only three signals are found.
Okajima and Imafuku ascribe the rapidity of the [1, 7] chlorine shift to an attractive coulombic interaction between chlorine and the ring in the TS. It is clear from their language that aromatic nature of the 7-membered ring in the TS is implied.
An additional important observation is made by these workers. Their [1, 7] hydrogen shift TS in cycloheptatriene also has an almost planar ring structure strongly resembling that of cycloheptatrienyl cation, but has very little charge separation between the migrating group and the ring.
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Geometry can be a poor indicator of aromaticity. Aromaticity as defined by the presence of a diatropic ring current can survive considerable deviations from ideal geometries. For example, the chair-shaped TS for the [1, 5] hydrogen shift in acyclic 1,3-pentadiene is thought to have aromatic character; the reported NICS(1) value is -8. 8, 5 and, according to our calculations, the TS exhibits a diatropic ring current (see Supporting Information Scheme S3). The TS for the relatively rapid [1, 5] hydrogen shift reaction of cycloheptatriene is decidedly nonplanar, yet has a ring current that suggests the presence of aromaticity. Benzene itself can be profoundly distorted, both in terms of C-C bond-length alternation and buckling of the ring, without gaining very much energy.
The effects of the distortions on the current depend on how the distortions are achieved.
Bond length alternations induced by ÔclampingÕ with saturated groups hardly affects the current, whereas similar alteration induced by unsaturated groups may quench the current entirely. The crucial factor is whether the nodal characteristics of the HOMO and LUMO are changed in the distorted molecule. 15 Antiaromaticity, as diagnosed by a paratropic current, is similarly insensitive to distortions produced by saturated clamping groups. 16 Paratropic current also survives a modest amount of out-of-plane distortion, for example, en route from the planar TS to the tub-shaped equilibrium structure of COT, 1,3,5,7-cyclooctatetraene. 17 In Appendix A of the Supporting Information we list the results of MP2/6-311+G** calculations addressing both types of geometric distortion for benzene. (ii) Ring-Current Calculations.
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The comparative activation enthalpies listed in Table 1 , and the increase in charge separation found for the transition states of the orbital-symmetry allowed reactions reported in Table 2 both imply aromatic character in the cyclic moieties at the TS. As discussed in the section above, the calculated geometric features given in Table S3 would be compatible with aromaticity, for those TSs, but do not give conclusive evidence.
Evidence for aromaticity can be inferred through the magnetic criterion, which states that aromatic and antiaromatic systems will possess a ring current induced by an external magnetic field. The presence of ring currents, or lack thereof, is detected directly using the ipsocentric approach 19b with the SYSMO98 computational package. 20 This method takes the origin for calculation of current-density at any point, as the point itself, as first proposed by Keith and Bader 21 and implemented in an analytical derivative formulation by Lazzeretti et al. 22 As a consequence, the first-order response of the wavefunction can be partitioned into diatropic and paratropic current contributions that obey frontier-orbital selection rules based on translational and rotational symmetries. 19 An advantage of using this method is that the total magnetic response can be partitioned into canonical (CMO) 23 or localized (LMO) 24 contributions from occupied molecular orbitals, which do not remix in the presence of the field and which are well converged in even modest basis sets.
Calculations are performed here in the 6-31G** basis (at the CHF level of theory) which is already sufficient to give the sense and strength of current. 25 Calculations of response properties such as magnetic susceptibility using higher level methods such as CASSCF have been reported. 26 Integrated properties themselves require interpretation as they do not produce the detail of the current map. Calculations beyond the CHF level have, in general, shown little effect in the predictions for diatropic systems, 27 but do indicate some variability between methods for magnitudes of paratropic currents, 28 but these are not sufficient to reverse their predicted sense. Other quantities have been proposed as indicators of (magnetic) aromaticity, such as ACID, NICS and NICS scan, reviewed in detail in several special issues. 29 The advantages of currentdensity mapping for direct visualization of this property, modelling all of the magnetic response properties, have been documented elsewhere.
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A quantitative indicator of aromaticity is the value j max , representing the maximum modulus of current-density in the plotting plane. In favourable cases this quantity allows for comparisons of aromaticity between systems, and identification of the dominant orbital contributions.
We discuss the TSs treated in the previous section on a case-by-case basis, reporting current maps and, in key examples, giving an orbital breakdown that explains the observed current. Aromatic (antiaromatic) systems are associated with diatropic (paratropic), anticlockwise (clockwise) currents induced by an external magnetic field perpendicular to the plane of the ring. Atomic positions are projected into the plotting plane. All current maps are generated using the geometries (Table S3 ) used in the calculation of activation energies, and j max is typically reported for a height of 1 a 0 (0.529
•) from the face of the molecule opposite to the migratory unit. All maps are generated from the contributions of those orbitals that exhibit π-like character in the ring, which are identified by inspection of individual orbital response (CMO or LMO) or of standard orbital plots (Gaussian09).
In discussing aromaticity effects on barriers, it is useful to compare ring-current characteristics of TS with reactants. Current-density maps for reactants are shown in Scheme S4 (SI). In the cases considered here, the reactant is typically weakly-or nonaromatic, and the ring-current is an emergent property of the transition state. However, the comparison is revealing in some cases, as will be discussed later.
Cyclopentadiene: First, we consider the parent compound cyclopentadiene. The π current-density map at the TS for the [1, 5] hydrogen shift, shown in Scheme 6a, shows a typical diatropic ring current for the face opposite the migratory group, as expected for an aromatic transition state. The j max value on this face of 0.086 a.u. (as a reference the j max for benzene is 0.078 a.u. at the same level) indicates that the shift proceeds via a TS that is at least as aromatic as benzene. In detail, the current distribution on the same face as the migrating group shows a change in shape, as it is diverted via a CHC bridge, as shown in the transverse view (Scheme 6b). A coherent ring current is present in the reactant (Scheme S4a, SI) but is weaker than the TS current by a factor or more than 2. For comparison, the π current-density map of cyclopentadiene anion, isoelectronic with the [1,5] H-shift transition state, is shown in Scheme 6c, indicating that the TS for the [1, 5] hydrogen shift is more aromatic than cyclopentadiene anion. The orbital explanation of the current, and its similarity to benzene and cyclopentadiene ring currents will be discussed below. The currents in the three TSs are of similar strength and spatial distribution to each other and to that calculated for the TS of the [1, 5] hydrogen shift in cyclopentadiene with a similar implication of aromatic character.
5-Fluorocyclopentadiene
In the TSs for the hydrogen shifts, the ring of carbon centers is close to planar and π/σ analysis of the orbitals is natural. However, in the TS for the fluorine shift, distortions from planarity are more significant and the π/σ distinction starts to break down, but a ring current is still discernible in our plots. Scheme 8 shows the total (all-electron, Òπ + σÓ) current-density map viewed from above the median plane of the carbon centers, and compares it to the equivalent map for the cyclopentadiene anion. The diatropic circulation over carbon centers in cyclopentadiene anion is replaced by a paratropic current over the center of the molecule. Some of the central paratropic current can be ascribed to summation of σ bond currents, which give a localized paratropic vortex in molecules such as benzene itself. 25 However, the final map in Scheme 8 shows the distinct contribution from the HOMO of the TS, and this has the classic π-antiaromatic signature of a two-orbital two-electron paratropic circulation. 19a Our conclusion is that this TS, in contrast to those for the H shifts, is antiaromatic.
The fact that the ÒπÓ systems of the H-shift TS and the F-shift TS support ring currents that are in opposite senses, can be rationalized very simply in terms of virtual excitations from occupied-to-unoccupied orbitals. Scheme 9 shows the frontier orbitals calculated for both H-shift and F-shift transition states. 
a) b)
In the ipsocentric model, induced currents are generated by selection rules based on nodal character. 19a The number of angular nodes in π orbitals, associated with the ring, is determined by the angular momentum parentage (Λ=0, 1Éetc, where Λ is the component of angular momentum along the magnetic field direction, treated in full rotational symmetry). Excitations where the occupied-to-unoccupied transition would increase the number of angular nodal lines by one (ΔΛ= +1) lead to diatropic currents; excitations that preserve the number of nodes on the ring (ΔΛ= 0) lead to paratropic currents. The frontier orbitals of the TSs in Scheme 9 can be understood qualitatively using a Cs pseudo-symmetry to clarify the interactions of orbitals on the migratory atom with the π/π* manifold of the ring. We can quantify this qualitative interpretation of orbital contributions as arising from sets of virtual transitions. This is done via spectral decomposition of the first-order wavefunction. 31 With this analysis we can pick out the most significant contributing transitions, and these are the transitions marked with arrows in Schemes 9 and 14. 19a In the case of the F shift, the relevant orbitals on the migrating atom can be considered as a symmetric p-like pointing at the ring, a 4x4 problem, and an antisymmetric p-orbital tangential to the ring, a 3x3 problem. The 4x4 interaction block leads to two symmetric bonding combinations of Λ=0 and Λ=1 parentage, identified as orbitals 18 (the lowest lying π-orbital, not shown in Scheme 9) and 21, and two antibonding combinations of All TSs support a diatropic ring current of similar strength. The TS for migration of allyl is apparently stronger than the others but with a less continuous, patchy appearance. This can be attributed to mixing of the σ and π contributions in this non-ideal geometry. All reactants show a ring current (Scheme S4f Ð j, SI) which is weaker than the TS by a factor of two or more in all but two cases. The diatropic circulation in the TMS reactant has about three quarters of the strength of the TS ring current, and in the boryl reactant the ring current is actually stronger by about 10% than in the TS. Interestingly these two cases correspond to the lowest calculated barriers (see Table 1 ). It seems especially significant that the barrier of 0.26 kcal/ mol for the 5,1-boryl shift should occur in a case where aromaticity, as judged from currents, is strong in both reactant and TS. As noted earlier, the change in geometry from reactant to TS is small for the 5,1-boryl shift; the currents indicate that rearrangement within the π-electronic structure is also minor.
Cycloheptatriene:
The TS for the [1, 5] hydrogen shift in cycloheptatriene is far from planar, and has the appearance of a tub in which the migratory hydrogen bridges the 1,5
gap; the 6,7 carbon pair corresponds to a double bond with bond length 1.35 •. Detection of current distribution using our method of projection of current into the plotting plane is more difficult in this non-planar system. Scheme 12 shows the current density maps plotted using the plane as the two sides of the ÒtubÓ, rough indications of the locations of these planes are shown in 12 a). The geometry of cycloheptatriene reactant is also distinctly non-planar which blurs the distinction between σ and π orbitals and introduces sometimes intense artifacts when the plotting plane cuts through bonds. Even so, it is possible to find a plotting plane referred to the six unsaturated carbon centres, in which there is evidence of a weak ÔhomoaromaticÕ current, (Scheme S4k, SI) with features in common with the homotropenylium cation. 
7-Fluorocycloheptatriene:
The two transition states found for 7-fluorocycloheptatriene are a [1, 7] hydrogen shift and a [1, 7] fluorine shift. Current-density maps for both show a complete reversal of the respective [1, 5] shifts in cyclopentadiene. Thus, in the present case the H-shift TS has a paratropic (antiaromatic) ring current (Scheme 13a), and the Fshift TS has a weaker diatropic (aromatic) ring current (Scheme 13b). Non-planarity of the reactant geometry is again a complicating factor for this case, but there is evidence for a homoaromatic diatropic ring current in the ground state (Scheme S4l, SI). It is interesting that for both [1, 5] H-shift of cycloheptatriene and [1] [2] [3] [4] [5] [6] [7] F-shift of 7-fluorocycloheptatriene, the barriers are significantly lower than for the [1, 7] H-shift of 7-fluorocycloheptatriene (Table 1) . The ring current directions for the [1, 7] TSs have a ready explanation in an orbital scheme. The frontier orbitals and energy levels for the two TSs are shown in Scheme 14. Λ=2 character, and so the HOMO-LUMO overlap is not of strict ΔΛ=0 character on either of its faces. The weak paratropicity of this excitation is then overwhelmed by the diatropic contributions. Hence, the reversal of current between the two TSs is a result of the poorer spatial overlap and energetic mismatch for F and C 2p-orbitals, rather than an effect of symmetry alone.
Cyclopropene:
The lack of planarity in the cyclopropene systems again leads to a contentious current-density analysis. In the case of the [1, 3] hydrogen shift in both cyclopropene and 3-fluorocyclopropene, the ring has undergone such large distortions in the TSs that conclusive proof of aromaticity is not possible. At best the results weakly imply aromaticity in the case of the TS for the [1, 3] hydrogen shift in cyclopropene. But in the case of the hydrogen shift in 3-fluorocyclopropene π current-density maps are uninterpretable. This could also be due in part to the difficulty in accurate partitioning into π and σ orbitals.
In the case of the [1, 3] fluorine shift in 3-fluorocyclopropene, current map interpretation is again difficult. This could be due to the difficulty in π and σ orbital partitioning. On the other hand, the relatively low activation enthalpy; the geometry of the TS with no long bond; the large charge separation found for the TS, and formal analogy with the 7-fluorocycloheptatriene system permit the suggestion of some aromatic, cyclopropenyl cation character in this TS. Overall, no clear ring current is observable through any of our calculations and we cannot confidently conclude that any shift in cyclopropene proceeds through an aromatic or antiaromatic TS.
CONCLUSIONS
Computational evidence, including activation enthalpies, NPA charge distributions, and ring-current evaluations, confirm the aromaticity of the transition states for the orbitalsymmetry allowed, suprafacial [1, 5] hydrogen, alkyl, silyl and boryl shifts of 5-substutituted cyclopentadienes and for a few other ring-substituted cyclopentadienes as well. The [1, 5] fluorine shift in 5-fluorocyclopentadiene has, on the other hand, an
antiaromatic, paratropic ring current owing to cyclopentadienyl cation character in this TS, thus a much higher activation enthalpy than the other [1, 5] shifts.
Calculations on the [1, 3] hydrogen and fluorine shifts in cyclopropene and fluorocyclopropenes reveal behavior strikingly different from that of the cyclopentadienes: The hydrogen shifts have high barriers and TSs in which a ring C-C bond is largely broken. But the fluorine shift is relatively easy, and has no broken C-C bond in the TS. We suggest that this TS has aromatic, cyclopropenyl cation character based on its calculated properties, listed above, although a definitive ring current could not be identified for these TSs.
Studies on [1, 7] shifts in cycloheptatrienes show similar but enhanced behavior of this sort. The suprafacial [1, 7] hydrogen shift is forbidden by orbital-symmetry considerations and has a very high barrier in both cycloheptatriene and 7-fluorocycloheptatriene. However the suprafacial [1, 7] fluorine shift has a low activation enthalpy, a diatropic ring current, hence aromatic cycloheptatrienyl cation character in the TS. The [1, 3] and [1, 7] fluorine shifts show that expectations based on the Woodward-Hoffmann rules can be subverted should unusual stabilization of the TS be possible.
Calculations support the idea that geometric distortions of the cyclic moiety in the TS have only small effects on aromaticity (see Appendix A of the Supporting Information), but that charge separation can be a powerful determinant for such character.
SUPPORTING INFORMATION
Details of the computational approaches are provided. Appendix A provides data and an analysis of the effects of geometric distortion on the stability of benzene. Electronic energies, zero-point vibrational energies and imaginary frequencies of transition states are given in Table S1 for all compounds in this study. Cartesian coordinates for these structures are found in Table S2 . Selected geometric parameters are found in Table S3 .
Current-density maps for the fluorine shift in 3-fluorocyclopropene the fluorine shift in 7-fluorocycloheptatriene, and the hydride shift in cyclopentadiene are shown in Schemes S1-S3. This material is available free of charge via the Internet at http://pubs.acs.org.
